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This is the seventh of a series of reports 
covering an investigation of the general 
in stab ility pr 0* lem by the California Insti- 
tute of Technology. 3? he first five reports - 
of this series, cover investigations of the 
general ins t ah ility problem under the load- 
ing conditions of pure bending and were 
prepared under the sponsorship of the Civil 
Aeronautics Administration. This report and 
succeeding 'reports of this series cover the 
v/ork done on other loading conditions .under 
the sponsorship of the National Advisory* 
C o mm i 1 1 e e f or Ae r o n aut i c s . , 



SUMMARY 



This report su^i^rlai•' , i ze s the work that has "beer, 
carried on in the experimental investigation of the prob- 
lem of the general instability of stiffened &e i&l cyl- 
inders subjected to combined bending and torsion at the 
C.I.T. This part of the inve c t iyat i on included he.4 t s on 
26 sheet— cover ed specimens. An interaction curve for one 
case of combined bending and torsion is presented. The 
results of tests- of 17 specimens subjected to pure -torsion 
are also r;iven. 



INTRODUCTION 



It is intended to giye ill this report a summary of 
the experimental investigation of the .;en-ral instability 
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of stiffened metal cylinders subjected to combined "bend- 
ing and torsion. The earlier work at the C.I.?. on the 
problem of the general instability of stiffened metal cyl- 
inders has teen reported in references 1, 2, 3, 4, 5, and 
6. A total of 26 sheet— cover ed specimens has been tested 
to determine the effects of combined loading e.nd "bending 
plus torsion, and an additional 1? specimens have been 
tested to determine the effects of a pure torsion load. 
In the present report, the results of tests in combined 
bending and torsion are discussed and the test data of 
the pure torsion tests are also included. 



TESTS IN COMBINED BENDING AND SOS SI ON 
Testing Apparatus 

A complete description Of the test in,: machine used in 
these tests is given in reference 2. This machine (fig. l) 
is adapted to the application of either pure bending or pure 
torsion or any combination of bending and torsion. 

For the present tests, it was desired to apply a uni- 
form bending and uniform torsion simultaneously. The ratio 
of the two loads was different for different specimens. In 
order to apply -uniform bonding, the moment arms were connected 
by an extra flexible aircraft cable attached at one end to 
a loading sere;/ which in tern was attached to a loading dyna- 
mometer. Por the application of uniform torsion, one of the 
torsion arms was fixed while the load was applied to the arm 
by means of a loading screw. 



Test i a g Proce dur e 

The desired loading required a simultaneous application 
of bending and torsion, the ratio of the two loads being 
fixed by any given test.. During the application of any load 
incr emei^t_yie_j; at io of bending to torsion was closely m^ in^ 
ta-ined. This result was accomplished by preparing a load- 
ing schedule for each test and, by calling out the bending 
load as it was applied, the two operators could maintain the 
proper lording ratio, 

The axial strain in the longitudinal stiffeners was 
measured by means of resistance strain gages of 15— inch 
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length. These ctrain. gagos wore counted On the neutral 
axis of the stiff enors and were also Liounted in pairs — 
one on each side of .the stiff oner — in order that the 
mean reading would be unaffected "by .bending-* These strain 
measurements wore k^cn at the center of the specimen, 
that is , the center of the strain gage was placed at the 
center of the cylinder . 

Inasmuch as the specimen was subjected to uniform 
loadings, both bending and torsion,, the unit axial strain 
for any , 1 oadiijg ^Increment can also be obtained by measur- 
ing the mean strain oyer the entire specimen. The, measuro- 
ments wore obtained by measuring the over— all deformation 
of the specimen by means of a dial g&g6 mounted on a rigid 
rod. A sharp . point od f i 1 1 i&g - was attached to one end of 
the rod and another to the dial plunger. Inserting these 
pointed fittings into punch marks on the mounting ring near 
the- surface of the speciiaen allowed consistent mo&sur oment s 
of the over— all (Reformation to be obtained for each load 
increment • 

. In- order to investigate the complete range of the 
ratios of bending to torsion, a specimen was first tested 
under pure torsion and the ratio of bending to shear was 
then increased in subsequent tests* The ultimate strength 
in pure bending- was obtained from the experimental curve 
of the pure bending tests given in reference 5. 

Results of Combined Loading 

For tho investigation of comb.ined 1 oad i ngs • only throe 
typos of cylinders were tested, namely,- two series' that 
had a tr&m® spacing of 4 inches and a longitudinal stiff- 
ness spacing of .5,06 and .2.53 inches in which the frames 
wore S e and the longitudinals S g ; and a s er io s that 
had a frame spacing and longi tu&inal • stiffness spacing 
of 4 and 3.53 inches, respectively, in which. t the frames 
wore and the longitudinal's S 1# The frame and longi- 

tudinal cross sections are shown in figure 2 and the po- 
sitions of the dial strain— gages is indicated in figure 3. 
It was felt that throe types ^ of cylinders would be ^suffi- 
cient to determine the dependence ' Of the failing load on 
the ratio of the combined loading. The experimental data 
for all test specimens are given in table I. 

The compressive unit strain "for. the longitudinal 
farthest from tho neutral axis as a function of the applied 
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beiiding moment is shown for the various tests in figures 
4 to 23. the resulting unit strain as obtained from the 
resistance strain gages- and the unit strain obtained 
from -the dial-rgags measurements are indicated in each 
figure. These results indicate t hat , in general, fair 
agreement is obtained between these two types of measure- 
ments. In only a few tests is tho agreement exact* 

•The variation of the stiff oner strain around the 
circumference as a function of the applied load is also 
shown for a number of specimens (f igs„ 4, 5, 7, 8, 11,- 
12, 15, and 17). The circumferential position of the 
various gages is- indicated in figure 3. The results 
of these tests have "been cr os s— plot te d in figures 29 to 
35 to indicate the distribution of normal stiff oner strain 
for increasing loads as a function of the distance from 
the horizontal axis. The. results of figure -2 9 indicate 
tha t the torsional load re suit q •• inTTa. secondary, cof pro s — 
sive "strain of nearly constant magnitude. 

Under a condition of pure hen ding, a shift in the 
neutral axes towardstho tension side occurs when com- 
pression buckling of the sheet takes place,, The second- 
ary compressive strain causes a farther shift t In par- 
ticular, when the ratio of bending to torsion is small, 
the distribution of strain will bo compressive in nature 
over the entire specimen (fig« 30) 0 This secondary com- 
pression strain is probably entirely due to the diagonal 
tension field that develops in the sheet covering. 

The ultimate stress at failure has been presented 
in the form of the ^ell— known interaction curves; that 
is, °7 /cr o is plotted as a, function of t /t q where a 
is the normal compression stress at failure for combined 
loading and o Q is the same stress at failure for pure 
bending, and similarly, t and T 0 are the shearing 
stresses at failure for combined loading and pure torsion, 
respectively, Tho shearing stresses* are computed by the 
equation 

M 



where 

M applied torque, pounds 
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A area enclosed by the sheet covering, square inches 
t sheet thickness, inches 

Two sets of ' data are shown* The first set (fig* 36) 
corresponds to stresses as measured by the resistance 
strain gages and the second set (f ig* 37) to the stressor 
as obtained from the dial~*gage inoasur einent s . In either 
case a c ons iderab le • amount of scatter is evident. The 
interaction equations of the form 



and 



tV 



TV 



are compared with the frxper iment al results. Figure 36 
indicates that for the resistance strain— gage measure- 
ments about two— thirds of the tost values lie fairly 
close to. the curve of equation (o)* whereas the majority 
of the dial— gage me asur ement s scatter a"bout the curve of 
equation (l). It should he noted that for the pure t end- 
iag specimen (specimen 159), the strain at failure meas- 
ured by the resistance strain gagis is considerably lower 
than the strain of the preceding combined loading spoci- 
mens. For this reason a failing strain of 0.0019 was 
used to determine a • This value was obtained from the 
pure Lending parameter and agrees fairly we 11 with the 
dial gage reading. 



PURS TORS 1 017 



So far, the investigation has covered the ultimate 
strength of reinforced cylinders under pure bending and 
the influence of combined loadings; that is, combined 
bending and transverse shear and combined bending and 
torsion. In order to use ^hVp data for design purposes, 
it is still necessary to determine the ultimate strength 
of reinforced cylinders when loaded in pure shear, that 
is | a pure torsion loading. Tests of this nature are 
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necessary in order to ascertain the value of t//t 0 
for any given design problem* 

An attempt will "be made to determine a suitable 
shear parameter in a manner similar to that vu,e& to 
determine the pure bending parameter 0 This uethod 
requires a $y s t ejaat i € investigation of the variables 
dealing with the geometry of the structure and the 
variables that involve the sectional properties of the 
stiffening elements as well as the sheet covering* 
Seventeen pure torsion tests have been completed and the 
specimens and test data for these tests are ^iven in 
table II, Additional testing is necessary before an 
analysis of the data can be attempted. Photographs 
(figs. 38 to 44) show a number of specimens after fail- 
ure* For purposes of comparison , photographs are in- 
cluded of specimens in combined bonding and torsion. 

CONCLUSIONS' 

(1) Inasmuch as the specimens were built and 
tested with the usual core of experimental work, it is 
felt that similar structures built under production con- 
ditions would be subject to at least the sarue variations 
of ultimate strength as the specimens that were tested* 
The experimental results of the tests in combined bend- 
ing and torsion are t her ef or e • e ons i der e d satisfactory 

in that they indicate the lower strength limit which 
can be expected in practice. It is seen from figures 
2 and o that • eq uat i on (2) described this lower limit 
f a i r 1 y w ell, 

(2) Additional testing is necessary before an 
analysis of the data on pure torsion can bo attempted. 

Guggenhe tm Aeronautical Laboratory, 

California Institute of Technology, 
Pasadena, Calif., Fot) # 18,1 943 • 
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TABLE I 



CO 



COMBINED BENDING AHD TOHSIOK 



Spec- 
imen 



149 
150 

151 

152 

153 

155 
155 

157 
158 

159 
160 

161 

163 
164 
165 
166 
167 
163 
163 
170 
171 
172 
173 
17^ 



Sheet 
thick- 
ness 
(in.) 



.010 



Radius 
(in.) 



16 



Jrame 



.010 



Stiff- 
ener 



Si 

I 

Si 



Frame 
spac- 
ing 
(in.) 



Longitu- 
dinal 
spacing 
(in.) 



Torsion 
"bending 



5.06 



5.06 
■2.53 



Ultimate 
"bending 
moment 
(in. -lb) 



0!> 



5/1 
I 

1/1.5 

1/2 

1/2. 5 
1/3 
1/3.5 

Bending 

1/1.5 

:>rsi< 

1/1 

2/1 
1/2 

l7 / 3 
1/5 

1/2 
Torsion 

1/1 
1/2 

i/i:- 



0 

216 x 
2S7 

^472 

770 
900 
1000 

1175 

1150 

1210 

1U00 

S75 
1200_ 
0 
320 

575 
1390 

1900 

25U0 

;oo 



10' : 



_550_. 

0 

90c' 

1280 
1330 



TJl 1 ioa t e 
torsional 
moment 
(in. -lb) 



1070x 
10S0 
S60 

9^5 

770 

600 
500 
470 
3S5 
355 
0 

5S3 
_240 
1300 

220 
11R0 

695 

633 

50S 

soo 
1050 

1100 _ 
11S5 

900 

645 

460 



10" 



Compressive 
strain at 
failure 
(in. /in.) 



5*6o.x 10 
7.6U 
7.12 
10.70 

13.5 
14.6 

13,6 

is. 05 

16.2 

16.7 

16. ,0 

14.4 

l6o2 



_ 4 



2.12 
7.00 
5.27 
10=95 

14.00 

17.6 

12.5 
<U 
5.25 

1.85 

9.75 

i 14.10 

I 21. Ho 



Six ear 
stress at 
failure 

in , j 



0 



665 
67IO 
^340 
5370 
4730 
3730 
3110 
2920 
2390 
2200 
0 

3620 
1490 

sos'o" 
5100 
7150 
4320 

3930 

3160 

4970 
6520 
_6sUq 

~=fW' 

5590 

4010 
2860 



1&BIZ II 
FUSE TG1SI0K 



Specimen 


Sheet 
thickness 


Radius 
(in.) 


jTranie 


Stiffener 


Frame 
spacing 

(in.) 


Stiffener 
spacing 

(in.) 


Ultimate 
torsion 
moment 
(in. -lb) 


Shear 
stress at 
failure 
(lb/sq in.) 


175 


.010 


16 


f 


5 


S 


1 


S 


2.53 


SOO 


^315 


176 


.010 






j 


\ ' 


j 


\ 


2 


2.53 


IdOO 


SS50 


177 


.015 














lb 


5.06 


500 


2070 


17s 


.015 














5 






750 


3100 


179 


























ISO 


.015 














d 






17OO 


705c 


1S1 


.020 














16 






730 


2270 


182 


.020 














s 

1* 






925 


2S70 


1S3 


.020 














! 




13^0 


4200 


IP*. 


.020 














2 


5.06 


2335 


72h-0 


185 


.Olh 


10 










s 


5.25 


3S0 


-+O3O 


1S6 


.015 


10 












5.25 


6^0 


6680 


1S 7 


.015 


10 










2 


5.25 


S90 


9 L ;-Uo 


189 


.010 


16 










32 


10.12 


130 


S10 


190 


.010 


f 










16 


10.12 


250 


1555 


191 


.010 




\ 






> 


i 


s 


10.12 


1+10 


2550 


192 


.010 


16 


° 1 
, 


s 


X 




10.12 


676 




1+200 
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Figs. 1, 44 





Figure 44.- Pure torsion. 
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Fig. 2 
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Figure 2.- Frame and longitudinal cross sections used on specimens. 
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Figure 3.- Cross section of cylinder showing position of 
gages on the circumference. 
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Fig. 18 
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Fig. 21 
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Fig. 30 
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Figs. 38, 39 




NACA Technical Note No* 911 



Figs. 40, 41 




Figure 41,- Pure torsion. 
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Figs. 42 ; 43 




Figure 43.- Pure torsion. 



